Background: There is increasing evidence that the presence of a preoperative systemic inflammatory response (SIR) independently predicts poor long-term outcome in patients with colorectal cancer (CRC).
Introduction
Hepatectomy offers the only hope of cure for patients with colorectal liver metastases (CLM), resulting in 5-year survival rates of 30% to 50%. [1] [2] [3] Recurrence in the liver remnant and/or extrahepatic sites is common, however, affecting up to two-thirds of patients despite optimal metastasectomy. 3 The ability to predict individual patient prognosis prior to hepatectomy is desirable in order to guide surgical and chemotherapeutic treatment according to individual recurrence risk. This is particularly pertinent given the increasing rates of hepatic resection for CLM. Clinicopathological factors have been shown to predict recurrence risk following metastasectomy, 1, 4 but lack the sensitivity for accurate individual prognostication. The role of molecular tumour biomarkers in determining disease recurrence is also under investigation, but requires further validation. 5, 6 In addition to intrinsic tumour factors, patient prognosis is also influenced by the host inflammatory response to malignancy, with data supporting a direct role for inflammatory cells and mediators in the promotion of both primary tumour growth and disease dissemination. 7, 8 At the local level, the immune response involves infiltration of the tumour environment by both lymphocytes and cells of myeloid lineages. 8, 9 The degree of this local inflammatory cell infiltration has been shown to have prognostic significance in numerous malignancies, including primary colorectal cancer (CRC). 8, 10, 11 survival, neither lymphocyte count nor the NLR showed any association with outcome. 23 These results indicate that examination of the prognostic role of individual leucocyte subtypes is also required in the context of resectable CLM. These data may allow greater refinement of the prognostic value of cellular biomarkers of the SIR in this context and are a prerequisite to the rational design of immunomodulatory strategies.
A further biomarker of systemic inflammation is the 'negative' acute phase protein serum albumin. Hypoalbuminaemia correlates with poor outcome in patients with advanced malignancy, 28 an association that was previously presumed to be due to nutritional depletion secondary to the tumour. Recently, however, it has been postulated that hypoalbuminaemia develops secondary to the SIR. 29, 30 Hypoalbuminaemia predicts poor outcome in several cancer types 14, 31 and has been combined with CRP to form inflammatory prognostic scores in a number of maligancies. 23, 31, 32 The prognostic value of serum albumin and its relationship to other systemic inflammatory biomarkers has yet to be examined in the context of resectable CLM.
Factors influencing malignancy-associated inflammation are poorly understood. Recent data have demonstrated that socioeconomic deprivation is associated with shortened overall and cancer-specific survival in patients with primary CRC. 33, 34 Neither clinicopathological factors nor treatment modality explained this correlation, but a significant association was noted between deprivation and the SIR, 33, 34 suggesting that the tumour-host response may be altered in deprived patients. A similar correlation between deprivation and systemic inflammation was reported in operable breast cancer. 35 The basis for this association is unclear, but it is postulated to relate to increased rates of smoking and obesity in deprived patients. 36 The association of socioeconomic deprivation with systemic inflammation and prognosis in the context of CLM has yet to be explored.
The primary aim of the current study was, therefore, to validate the prognostic value of systemic inflammatory biomarkers in resectable CLM, including determination of the cellular index with optimum prognostic value. In addition we sought to explore possible correlations between socioeconomic deprivation, systemic inflammation and patient outcome in this context. Staging protocol prior to hepatectomy included contrast-enhanced multi-slice spiral computerised tomography of the chest, abdomen and pelvis using an iodinated contrast agent, gadolinium-enhanced magnetic resonance imaging of the liver, and staging laparoscopy and intra-operative ultrasound. Disease-free survival was considered as the secondary end point. Patients who died in hospital following hepatectomy were excluded from the analysis.
Patients and methods

All
For staged procedures, variables were recorded prior to the first stage procedure and patients who were inoperable at the attempted second stage were excluded from analysis. In the case of patients who underwent a repeat liver resection following the diagnosis of operable recurrence, only the initial resection was included in the analysis.
Statistics
As previously, 23, 26 grouping of the variables CRS, leucocyte count, neutrophil count, lymphocyte count, monocyte count, haemoglobin, platelet count, albumin and the NLR were carried out using standard thresholds. 2, 13, 20, 23, 26, 31, 39 For simplicity, high numbers of cells indicates cell numbers higher than the cut-off levels and low numbers of cells indicates cell numbers lower than the cut-off levels. Carstairs deprivation scores were analysed following allocation into established UK-based score quintiles. 40 Continuous variables without predefined cut-offs (eosinophil and basophil counts) were analysed following division into tertiles.
The Chi-squared and Fisher's exact tests were used to analyse for significant associations and differences between subgroups within the cohort.
Where variables did not follow a normal distribution, the Mann Whitney U test was applied. Univariate prognostic significance of variables was determined by means of univariate Cox regression analysis, Kaplan-Meier analysis and application of the log-rank test. Multivariable analysis was performed, using all variables with P < 0.10 on univariate analysis, through their entry into Cox proportional hazard regression analysis using a stepwise backward procedure. Statistical significance was defined as P < 0.05. Statistical analyses were performed using Statistical Package for the Social Sciences 14.0 ® (SPSS, Chicago, Illinois, USA).
Results
A total of 181 patients underwent hepatectomy for CLM over the study period.
All resections were performed with curative intent. In-hospital mortality rate following hepatectomy was 2.2% (n = 4 There was no significant difference in demographic or clinicopathological factors between patients stratified according to any individual haematological parameter or the deprivation score, though high neutrophil count was associated with a trend towards increasing metastasis size (P = 0.078) and low albumin was associated with a trend towards increasing number of metastases (P = 0.093). Neither deprivation score nor preoperative chemotherapy correlated with any haematological parameter.
Serum albumin showed no significant correlation with any other haematological parameter.
Outcome
The overall median follow-up period was 36 months (range 6-69 months). No patient was lost to follow-up. The 3-year and 5-year overall survival rates for patients undergoing hepatectomy were 48.5% and 36.6% respectively (median 34 months, 95% confidence interval (CI) 27.3-40.7 months).
Similarly, the 3-year and 5-year disease-free survival rates were 31.4% and 25.3% respectively (median 15 months, 95% CI 11.5-18.5 months).
The results of univariate and multivariable analyses for overall and disease-free survival are shown in Table 1 and Table 2 respectively. On univariate analysis, the following variables were associated with poor overall survival following metastasectomy: number of metastases > 1, poor CRS ( Fig.   1 ), high leucocyte count, high neutrophil count (Fig. 2) , high monocyte count, high NLR, high platelet count and low serum albumin (Fig. 3) . These same variables, save for monocyte count and platelet count, were also associated with shortened disease-free survival following metastasectomy. Neutrophil count was the most significant predictor of both overall and disease-free survival on univariate analysis. Five-year overall survival for patients with a normal neutrophil count was 47.6% compared to 0% in patients with a high neutrophil count (P < 0.001, Fig. 2 ). Other haematological variables, including lymphocyte count, showed no significant correlation with either outcome. No association between Carstairs deprivation score and outcome was demonstrated.
On multivariable analysis (Table 2) , poor CRS, high neutrophil count and low serum albumin were all independently associated with decreased overall survival following metastasectomy, with neutrophil count associated with a greater relative risk of death than the other two factors. These three variables were also the only factors independently associated with disease recurrence following metastasectomy, with all factors presenting a similar relative risk of recurrence.
Prognostic score
As reported previously, 20, 22, 26, 41 a simple prognostic score for overall survival was derived from variables maintaining significance on multivariable analysis.
Based on the ratios for regression coefficients (log hazard ratios in the final Cox model) of variables (Table 3) , weights of prognostic factors were defined as follows: poor CRS and low albumin were assigned weight 1 (minor variables) and high neutrophil count was assigned weight 2 (major variable).
A prognostic score of the sum of the weights of these three variables was used to assign patients to low-risk (no variable, score = 0), intermediate risk (one/two minor or one major variable, score = 1-2) and high risk (one major plus one/two minor variables, score = 3-4) groups for overall survival (Fig. 4) . months) respectively (Fig. 4 , P < 0.001). The 3-year overall survival rates for these groups were 65.7%, 43.8% and 12.0%, respectively. Five-year overall survival rates were 54.9%, 40.9% and 0% respectively.
Discussion
In recent years, increasing evidence has demonstrated an independent correlation between preoperative systemic inflammation and poor outcome in patients undergoing resection of varied maligancies, including primary CRC. Evidence for cellular markers of the SIR in this context has been limited to demonstration of the prognostic significance of the NLR, 2,42 a cellular index devised and validated as a marker of inflammation in patients with cardiovascular disease and critical illness.
24,25
The current study demonstrates that both cellular and acute phase showing no correlation with patient outcome. Consequently, the NLR was subordinate to the neutrophil count in multivariable analyses for both overall and disease-free survival, with neutrophil count being the single most significant independent predictor of outcome following metastasectomy.
The prognostic value of the circulating neutrophil count has been reported previously in numerous malignancies, 21, 22, 26, 41 including primary CRC. 23, 39 Whilst it is possible that increasing neutrophil count is simply an epiphenomenon of the inflammatory response in the vicinity of the tumour, the emerging theory of 'immune enhancement' suggests that cells of the myeloid lineage, particularly neutrophils, are recruited from the circulation and play a direct role in promoting aggressive tumour phenotypes. 8, 9 Neutrophils are the major producers of a number of ligands that may induce tumour cell proliferation and invasion, including transforming growth factor-. 43 Furthermore, granulocytes, particularly neutrophils, contain over two-thirds of circulating vascular endothelial growth factor, liberation of which may promote tumour vascularisation. 44 Neutrophils may further promote invasion and metastasis through the production and release of matrix metalloproteinases 45 and the promotion of cancer cell intra-and extravasation. 46, 47 Though subordinate to neutrophil count in multivariable analyses, an association between monocyte count and adverse outcome was also demonstrated in this study. A similar association was noted previously in hepatocellular carcinoma 27 and renal cell carcinoma. 26 This phagocyte class exerts a number of biological actions in common with neutrophils that may explain this prognostic value. 8 In this study no association was found between the peripheral lymphocyte count and outcome following CLM resection, even when further analyses were conducted to evaluate multiple cut-off points (data not shown).
In CRC, the concept of lymphocytic 'immune surveillance' has undergone a recent resurgence, with higher tumour lymphocytic infiltration shown to correlate with lower tumour stage and to be a better predictor of patient survival than current histopathological staging systems. 10 Similarly, tumour lymphocytic infiltration was shown to independently predict patient outcome in patients with CLM. 48 The prognostic value of lymphocytes does not appear to be reflected at the systemic level, however, as whilst the number of tumourinfiltrating CD8+ T-lymphocytes was found to correlate with patient outcome in primary CRC, the number of these cells in the systemic circulation showed no correlation with prognosis. 49, 50 Similarly, a recent study found no correlation between total circulating lymphocyte count and outcome in patients with either operable primary CRC or unresectable CLM. 23 The findings of the current study are in line with these data.
The results of the current report agree with the only other study to compare the prognostic value of the NLR in malignancy with that of individual leucocyte subsets. In primary CRC, Leitch et al recently reported circulating neutrophil count to be associated with adverse outcome following primary CRC resection, but found that neither lymphocyte count nor NLR correlated with survival. 23 Together, these data have implications for the design and application of therapeutic agents targeting the SIR in both primary and metastatic CRC. Whilst authors have previously discussed the possibility of targeting the adaptive immune response, 42 these results suggest that, at the systemic level, the innate immune system may be a more viable target.
Systemic inflammation is also known to be associated with a decrease in serum albumin concentration, 29, 30 attributed to raised levels of circulating pro-inflammatory cytokines, particularly IL-6. 51 Albumin was previously found to predict poor outcome both following resection of primary CRC 52 and in patients with metastatic disease. 53, 54 The current study is the first to confirm that serum albumin is also an independent risk factor for poor outcome following CLM resection, though this prognostic value was inferior to that of the neutrophil count. Serum albumin was previously demonstrated to predict poor long-term outcome following cancer resection independently of CRP and has subsequently been combined with CRP to produce prognostic inflammatory scores validated in varied maligancies. 23, 31, 32 The current study confirmed that serum albumin and cellular markers of the SIR may also exhibit independent prognostic significance in malignancy and, along with the CRS, the other independent predictor of outcome, could be combined to produce a novel score with high prognostic value. Of note, these data are all routinely available preoperatively.
CRP, the other major biomarker of the SIR, is not routinely measured prior to hepatectomy and was not, therefore, available for inclusion in the current study. A recent study, however, reported equally poor prognosis in two separate patient groups with either elevated CRP or an elevated NLR prior to CLM resection. 2 Of note, it has previously been shown that CRP and neutrophil count may also exhibit simultaneous independent prognostic significance in malignancy. 20 Further studies are required, therefore, to determine whether CRP, cellular indices and serum albumin exert independent prognostic significance in patients undergoing metastasectomy, thereby potentially enabling even greater refinement of prognosis in this patient group.
Socioeconomic deprivation was previously found to be associated with the SIR in primary CRC and to itself independently predict shortened longterm survival following tumour resection. 33, 34 In the current study deprivation showed no association with either systemic inflammatory biomarkers or prognosis following metastasectomy. A number of factors may have contributed to this lack of association. Firstly, the population in the current study exhibited a relative lack of deprivation, with 32% of patients being within the least deprived Carstairs quintile for the whole UK, compared to only 10%
within the most deprived quintile. This contrasts with a previous study demonstrating prognostic significance for deprivation in a Scottish population with operable primary CRC, in which 56% of patients were classified as deprived. 34 Secondly, as highlighted previously, 40 Carstairs scores represent average scores for all individuals living in a ward and may not, therefore, accurately represent the degree of deprivation of individual patients. Of note, however, the association between deprivation and survival in patients with primary CRC was previously found to be confined to patients undergoing curative resection, with no difference in survival in patients undergoing palliative surgery. 33 Similarly, deprivation was recently found to have no correlation with outcome in patients with synchronous unresectable liver metastases. 23 Together with the current series, these data suggest that deprivation is not associated with outcome in patients with disseminated colorectal malignancy. Of note, a similar lack of association between deprivation and outcome was also recently noted in upper gastrointestinal and hepatobiliary maligancies. 55, 56 In summary, the results of this study confirm that systemic inflammatory biomarkers, routinely available preoperatively, independently predict long-term survival following resection of CLM. As demonstrated here and elsewhere 14, [30] [31] [32] 53, 54 merging of inflammatory indices with existing prognostic scoring systems may enable further refinement of patient prognosis, so guiding allocation of existing therapeutic modalities.
Inflammatory biomarkers may also represent novel therapeutic targets. A myriad of agents targeting varied facets of the innate immune system, including chemokine, interleukin-6 and tumour necrosis factor antagonists, are already in clinical trial. 7 Furthermore, it is now established that CRP plays a direct role in malignant progression 57 and is itself a valid therapeutic target, 58 with several small molecule inhibitors in development. Future studies must define the interplay between the varied facets of the inflammatory response, including the role of particular leucocyte subtypes and cellular products, to enable the rational design and allocation of anti-inflammatory strategies in this context. Log-rank test P < 0.001 
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